We demonstrate that the majority of plasmonic nanolayered composites, despite being subwavelength, are not described by effective medium theory and develop an adequate description of electromagnetism in these systems. Plasmonic nanocomposites are considered to be building blocks of optical negative-index materials, super-and hyper-lenses, photonic funnels, and other photonic structures [1, 2] . Since the typical layer thickness in these composites (~10 nm) is much smaller than optical or near-IR wavelength, it is often assumed that the electromagnetic behavior of these structures can be described by some sort of effective-medium theory (EMT). In this work we focus on the transition of electromagnetic properties of multi-layered structure towards EMT regime. We show that in contrast to majority of back of the envelope calculations, EMT does not adequately describe the electromagnetic response of multi-layered plasmonic structures due to the metamaterial analog of spatial dispersion. We develop an analytical description of this effect, and demonstrate our analytical result on the example of plasmonic nanolayered metamaterial, where we confirm the existence of ultra-confined high-refractive-index volume modes. The electromagnetic response of TM and TE wave in an arbitrary periodic multilayered meta-material can be adequately described by the well-known photonic crystal (PC) Kronig-Penney-type equation:
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where ∆=a 1 +a 2 is a period of PC structure,
, k x is the mode-specific propagation constant, and parameter k z is the z component of the wavevector [3] . In this work we investigate substantially thin layers (∆<<λ). For illustrative purposes, we fix the free-space wavelength of radiation (λ=1500 nm) and the total thickness of the nanolayered material (d=200 nm), and vary the number of layers in the system, thus reducing the parameter ∆/λ. Since we are specifically interested in applications of nanolayered materials related to sub-diffraction compression of radiation, we assume that the nanolayered structure is surrounded by perfectly-conducting walls, thus fixing k x to be a multiple of 2π/d (the generalization to Ag or dielectric walls can be found in [2] ).
a918_1.pdf
QThI4.pdf
©OSA 1-55752-834-9
To understand the properties of realistic plasmonic structures, we perform a series of numerical solutions of Maxwell equations. In each round of numerical simulations we fix the total thickness of the composite, total number of layers in this composite (corresponding to parameter ∆/λ), as well as concentration of plasmonic layers, and generate 100-element ensemble of metal-dielectric cores with randomized layer-thickness distribution. We then use high-precision implementation of transfer-matrix formalism [4] to numerically solve Maxwell equations and identify the modes of the multi-layered structures. Results of our simulations are summarized in Fig.1 It is clearly seen that while the system behaves as effective medium (random variations of layer thicknesses don't affect its behavior), conventional EMT fails to describe the properties of the multilayered composites even when layer thickness is as small as 20 nm (10-layer system). The origin of this discrepancy lies in the strong variation of the field on the scale of a single layer. Starting from the PC dispersion relation, we have incorporated the non-local response into EMT, resulting in [5] : As it is seen from Fig.1b , our non-local EMT is in excellent agreement with results of numerical solution of Maxwell equations. It is also seen that nanolayered structures with plasmonic inclusions support volume modes with effective refractive index n eff >>1, which is highly beneficial for strong confinement and nanoscale transport of radiation.
As expected, the effective nonlocality appears when the dielectric constant of at least one of the constituents is of substantial value, so that |k 1,2 a 1,2 |~1. At optical frequencies, the effects will appear whenever composite has plasmonic components, at lower frequencies (IR to THz) the effect will be substantial for metamaterials with highindex components [5] .
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